The potentialities of reverse micelles of AOT (bis(2-ethylhexyl) sodium sulfosuccinate) for the selective transport of tryptophane (Trp) and p-iodophenylalanine (pIPhe) are investigated using two different experimental devices. Winsor II systems were obtained from mixtures of AOT/isooctane/water (0.1 M phosphate buffer). The microemulsion phase was used as a liquid membrane in which the reverse micelles play the part of mobile carriers. In the first device there was a direct liquid-liquid contact between the different phases whereas in the second one semi-permeable membranes were introduced at the interfaces. The transfer rates measured for Trp and pIPhe at different AOT concentrations show very different behaviors, which are only moderately altered by the presence of the semi-permeable membranes. Single uptake and release experiments, which were independently undertaken show that the rate-determining step is the release of the amino acids. A transport mechanism assuming a competitive release by two processes (droplet opening at the interface and ion pair association/dissociation) is proposed. The best separation between the two amino acids is obtained at very low AOT concentrations.
The separation of proteins [1] [2] [3] and of their building bricks, amino acids, is presently a major challenge partly due to the development of biotechnologies. A large number of research works have been devoted to this problem during the past few years. Among the different technologies which can be applied, the use of reverse micelles have appeared to be extremely promising. The reason for this comes from the fact that the extent of interactions of these bioproducts with the micellar particles is governed by a delicate balance between electrostatic and hydrophobic forces, which can be tuned up by changing the pH or the size of the water pools.
The biphasic extraction of amino acids between bulk water solutions and water-in-oil microemulsions (including the use of the so-called "Winsor II systems") as well as their solubilization in the reverse micellar phase have been extensively studied. These experiments have demonstrated the role of the interfacial partition coefficients and how they depend on the type and hydrophobicity of amino acids, the concentration and nature of electrolyte present in the system, the interfacial curvature of the amphiphilic film, etc. [4] [5] [6] [7] [8] The part played by the electrostatic effects has also been examined [9] [10] [11] [12] and the influence of pH and of the isoelectric point has been stressed. The sign of the electric charge of the reverse micelles has of course to be considered in that case and although most experiments reported so far have been concerned with Aerosol OT (AOT), an anionic surfactant, a more restricted number of them has been dealing with cationic surfactants like trioctylmethylammonium chloride (TOMAC) 13 or dioctyldimethylammonium chloride (DODMAC). 14, 15 The kinetic aspects of the biphasic transfer processes and the transfer mechanisms have also received special attention. 16, 17 The influence of the stirring rate on the rate of amino acid solubilization has been studied. The location of the mass transfer resistance has been shown to depend on the surfactant concentration. Some results on the kinetics of water transfer in non-equilibrated systems have also been reported. 18 On the other hand, the importance of finding new inexpensive processes for the obtaining of enantiomerically pure bioproducts has initiated some researches on chiral discrimination using micellar aggregates carrying a binding site with preferential affinity for specific enantiomeric amino acid derivatives. [19] [20] [21] The searches in this field are at their beginning and only few works are concerned with the case of reverse micelles. 18 Another approach to the separation of bioproducts was found in the use of liquid membranes, in which extraction and back-extraction are realized in a single apparatus. 18, [22] [23] [24] [25] Organic liquid membranes have demonstrated their potential for amino acids and dipeptides separation. Positively charged highly lipophilic carriers have for instance been used to transport amino acids in their carboxylate form with countertransport of an inorganic ion (transport driven by protonationdeprotonation processes). 22 However, contrary to biphasic extraction of amino acids by reverse micelles, which is mainly an equilibrium process, much less attention has been paid to the transport of amino acids through liquid membranes containing micellar carriers. In that case the separation efficiency is depending on the rate of transfer rather than on the partition coefficient. It has indeed been demonstrated before that a large association constant between the carrier and the solute to be transported will not necessarily correspond to a fast transfer rate: there exists an optimum complex stability for efficient transport. 26 It was also previously demonstrated that micellar carriers can behave very similarly to macrocyclic carriers in the sense that, at least in some cases, a facilitated diffusion model can very satisfactorily account for the transfer rate data. [27] [28] [29] One of the advantages of using liquid membrane techniques for amino acid separation can be found in the fact that the bioproduct can be directly collected in an aqueous phase instead of in an organic environment (case of biphasic extraction). In addition, liquid membranes can be considered as simple models to better understand biological membrane transport processes.
The aim of the present work was to investigate the possibility of tranporting selectively amino acids of different hydrophobicities using AOT reversed micelles as carriers in liquid membrane experiments. For this purpose we have selected two amino acids on the basis of the values of the partition coefficients of amino acids between water and the reverse micellar interfaces, which have been reported by Leodidis and Hatton. 5 The more hydrophilic amino acids were avoided and we selected tryptophan and p-iodophenylalanine which both have a large affinity for the AOT reversed micelles, with interfacial partition coefficients of 239.5 and 1371.9, respectively. 5 Preliminary observations 18 had demonstrated a completely different behavior between these two amino acids, which called for a deeper examination in order to better understand the mechanisms involved in the transport processes. Two different experimental devices were used for the transport studies with the immiscible phases either in direct liquid-liquid contact or separated by semi-permeable membranes. 30 We will see in the following how the AOT concentration can affect the transfer rates of the two amino acids (and thus the efficiency of their separation) and we will discuss the effect of the presence of a physical membrane at liquid-liquid interfaces. The transfer mechanisms will be evaluated by an independent examination of the single extraction and release steps respectively.
Experimental

Chemicals
Aerosol OT (sodium bis(2-ethylhexyl)sulfosuccinate), purchased from Sigma, was used without further purification. Tryptophan (Trp) and p-iodophenylalanine (pIPhe) in racemic forms were also obtained from the above company. The salts used to prepare the phosphate buffer were of analytical grade and doubly distilled water was used throughout the work. Isooctane (puriss.) was bought from Fluka.
The compositions of the Winsor II systems used in the different experiments are reported in Table 1 . The preparation and characterization of the biphasic systems were performed according to the previously described procedures. 18 
Techniques
The liquid membrane transport experiments were achieved with two different devices which have been described in details in previous publications. [29] [30] [31] [32] The first device was equivalent to an inverted U-tube, in which the source (S) and receiving (R) phases constituted by the aqueous phase of the Winsor II systems are filling the two branches, the liquid membrane (M) constituted by the w/o microemulsion lying on the top. The amino acid to be transported is introduced in the source phase and its concentration in the receiving phase can be continuously monitored by UV absorbance recording (274 nm for Trp and 230 nm for pIPhe), whereas appropriate stirring are ensured in the 30 is made of Teflon blocks between which semi-permeable membranes, abbreviated in the following "spm" (Visking cellulose membranes with average pore diameter of 24 Å), are squeezed in order to separate the different compartments in the following manner: source aqueous phase/spm/microemulsion liquid membrane/spm/ receiving aqueous phase. The circulation in each block is achieved by peristaltic pumps (160 rpm) connected with supply reservoirs. Aliquot amounts of solutions can be withdrawn very easily from these reservoirs for analysis. This is one of the main advantages of this second apparatus, in addition to the fact that it needs much less products and that it allows to work with the liquid-liquid interfaces in vertical position. By removing the central Teflon block, the transport cell can be easily transformed to conduct single extraction or release experiments. For the extraction experiments the cell constitution is as follows: source aqueous phase/spm/ microemulsion phase, and the amino acid is introduced in the source aqueous phase. For the release experiments we have: microemulsion phase/spm/ receiving aqueous phase, and the microemulsion phase had been previously preequilibrated with the amino acid considered.
For all the experiments the temperature was 20˚C, the pH was adjusted at 6.5 by mixing 0.1 M solutions of K2HPO4 and KH 2 PO 4 . The amino acid concentration in water was 3.7×10 -3 M in extraction, transfer and simultaneous transfer experiments. In the inverted U-cell the volumes of the phases were V s =14 ml, V m =32 ml, V r =18.6 ml and in the "membrane separated compartments cell" they were V s =8.5 ml, V m = 18 ml, V r =11.5 ml. Blank experiments were conducted in the absence of AOT. With Trp we could not observe any increase of absorbance with time in the receiving phase. In the case of pIPhe the maximum value of the transfer rate measured in both transport cells was less than 6×10 -11 mol min -1 .
Possible adsorption of the amino acids onto the semipermeable cellulosic membranes has been checked as follows: 20 cm 2 of regenerated membrane were soaked overnight into 25 ml of a Winsor II aqueous phase containing the amino acids. HPLC measurements showed no variation of the aqueous amino acid concentrations before and after the introduction of the membrane, indicating that there is no significant adsorption of the amino acids.
For the extraction and release experiments and for some transport experiments (those in which the two amino acids are simultaneously transported), the amino acids concentrations were determined by HPLC. The apparatus was equipped with a 325 pump and a 332 UV-visible detector, both from Kontron Instruments. The stationary phase was a C 18 grafted silica (column Kromasil 5µ, 4.6 mm i.d., 25 cm). The mobile phase was a mixture of water and acetonitrile (Prolabo, Chromanorm) with a gradient from 90:10 to 0:100 in 20 min. Calibration curves were obtained using standard solutions of the amino acids in acetonitrile. The detection wavelength was 220 nm.
Results and Discussion
Transport experiments
In liquid membrane experiments, the curves giving the concentration of amino acid transported in the receiving compartment versus time, have the usual characteristic shape 18,27-29 (see Fig. 1 ), with a time lag attributed to the time required for the amino acid to reach an equilibrium concentration inside the liquid membrane. When a steady-state is established a linear variation is obtained and the transfer rates are calculated from the slopes of the straight lines. This behavior was found independent of the experimental device used although the data are quantitatively different. Figure 1 is giving an example of the curves obtained at different concentrations of AOT when the inverted U-cell is used.
We have reported in Fig. 2 the variations of the transfer rate R, measured in this same cell, as a function of the AOT concentration for Trp and pIPhe, respectively. The results relative to Trp indicate a proportionality between the flux and the carrier concentration, which is consistent with a classical facilitated diffusion model. More surprisingly, the results obtained with pIPhe show a sharp increase of the transfer rate from zero to about 2×10 -9 mol min -1 as soon as a small AOT concentration is present. Afterwards, the transfer rate remains almost unchanged, being practically independent of the AOT concentration.
The results obtained in similar conditions of concentrations with the membrane-separated compartments cell are represented in Fig. 3 . It can be noticed that, in spite of the presence of semi-permeable membranes at 111 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 the liquid-liquid interfaces, the transfer rates which have been measured are not drastically different from the preceding ones. However, if the main features of the curves are confirmed, some distortions are introduced due to the restricted contact area between phases, which is controlled by the membrane porosity. The distortions observed compared to the data in Fig.  2 (rate decrease instead of plateau in the case of pIPhe; asymptotic behavior instead of linear increase for Trp) can be nicely accounted for by a simple calculation as demonstrated below. As long as the amino acid (AA) concentration is negligible in the receiving phase, its mass conservation can be written as
where the subscripts refer respectively to "aqueous" (aq), "organic " (org), "reverse micelle" (rm) and "initial" (init), and v is the phase volume. Assuming a fast biphasic equilibrium between the free amino acid, the AOT reverse micelles and the micelle-bound amino acid, we can write the equilibrium equation in the form
(Note that this constant, which is related to the partition coefficient of the amino acid may depend on the total AOT concentration 4 ). A third relationship relates the AOT concentration with the total concentration of reverse micelles (M) and the aggregation number n ag :
This assumes that the aggregation number is independent of the AOT concentration, which is strictly true when the molar ratio W o between water and AOT is constant, and that the particles are monodisperse.
Combining these three equations, it can be shown that
If we now take the results obtained with the U-cell (Fig. 2) as reference states, we can write the following equations for the transfer rates R:
and
where α 1 and β 1 are constants. Turning now to the membrane-separated compartments cell, only the micelles colliding with the interface precisely where a membrane pore exists will be efficient for amino acid transport. Collisions with the solid parts of the membrane will be ineffective. The probability of efficient collision will be proportional to the ratio [AA] rm /[M] tot . Consequently we expect that with this second device the transfer rates will be of the form (8) and
α 2 and β 2 are constants, which are very likely to differ from α 1 and β 1 because the hydrodynamics inside the cells are not the same. Introducing Eq. (4) in Eqs. (8) and (9), we have fitted the experimental data shown in ues, 1.56 and 3.7×10 -3 mol dm -3 respectively. K on the one hand and the cluster of constants α 2 n ag K (or β 2 n ag K) on the other hand were used as adjustable parameters. The lines drawn in Fig. 3 show an excellent agreement with the experimental data, considering that the behavior at very low AOT concentration was disregarded for pIPhe. This at least demonstrates the good agreement between the results obtained from the two different transport cells. Nevertheless it does not explain why there is a good transport selectivity between Trp and pIPhe at very low AOT concentration, which is inverted at AOT concentration slightly above 0.1 mol dm -3 . We will try to understand this phenomenon by performing single extraction or release experiments (see below).
Before going to that point let us show some implications of the above reasoning. To go a little bit further, as we had no experimental value of α 2 and β 2 , we have assumed that α 2 =α 1 (2.16×10 -9 mol min -1 ) and β 2 =β 1 (13.5×10 -9 min -1 dm 3 ), which is a very rough approximation. Then, from the values of K and of the second adjustable parameter we were able to determine an approximate value of the aggregation number. Both the curves for Trp and pIPhe led to the same value of n ag =81. This value has certainly to be considered with caution, considering the approximations involved but the order of magnitude sounds quite reasonable: if we assume a polar head area of 60 Å 2 (see ref. 33 ) it would correspond to a water pool radius r a of about 20 Å. This would imply a W o of 11.2 according to the largely accepted relation between r a and W o , (r a (nm)=0.175W o ) 34 , i.e., a value consistent with the lower values given in Table 1 . Concerning the other adjustable parameter, K, the values obtained from the least squares fitting were 9.9 and 3.8 mol -1 dm 3 for Trp and pIPhe, respectively. These values suggest that Trp is more associated than pIPhe to the reverse micelles, which would be in contradiction with the previously published partition coefficients obtained at an AOT concentration of 0.1 mol dm -3 (ref. 5). In fact it is known that the association constant is depending on the AOT concentration as shown by the data in Fig. 10 of ref. 4 , which let us assume that the binding of Trp may become very strong at low AOT concentrations. For this reason the above calculations can only give very rough estimates which were sufficient to understand the effect of the semi-permeable membranes.
Single extraction and release experiments
In order to identify the rate-determining step in the transport process we have tried to quantify the rates of uptake and release of the amino acids in separate experiments. A similar approach has been reported before in the case of metal ion transport by macrocyclic carriers. 35 Either the rate of uptake 35 or the rate of release 36, 37 were shown to control the overall rate of transport, depending on the systems considered. Figure 4 shows the results obtained for the biphasic extraction of Trp: the change of concentration of amino acid in the microemulsion phase versus time, at the initial stage of the transfer process, has been plotted at different AOT concentrations. Similar experiments, not shown here, have been carried out with pIPhe. The rates of amino acid uptake obtained from the slopes of the straight lines are reported in Fig. 5 , as a function of the AOT concentration, for the two amino acids. The results can be considered very similar if one takes into account the experimental uncertainty. It can be concluded that the extraction step cannot explain the transport results. The fact that the uptake rate is independent of the solute transported is nevertheless consistent with the previously proposed mechanism of droplet coalescence with the interfacial film. 31, [38] [39] [40] [41] [42] The released step has been similarly investigated, using a microemulsion phase which had been previously pre-equilibrated with the amino acid. The curves obtained look like those represented in Fig. 4 and the rates of release plotted in Fig. 6 have been determined from the slopes of the straight lines. The resemblance between these data and those reported in Fig. 3 are so striking that they make totally clear the conclusion that the release of the amino acids is the rate-determining step of the transport mechanism. The fact that the maximum transfer rates measured in the release experiments compared to the transport experiments for pIPhe occurs at a slightly higher AOT concentration may be due to the fact that the initial concentration of amino acid in the reverse micellar phase was larger in the former case.
Simultaneous transport of pIPhe and Trp
All the preceding results were obtained with a single amino acid in each experiment. As pointed out before (ref. 26) , the transport selectivity can only be assessed from true competition experiments and for this reason we have carried out some transport experiments in the 113 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 presence of both amino acids. We have plotted in Fig.  7 the ratio of the transfer rates R pIPhe /R Trp as a function of the AOT concentration. As expected, the transport selectivity in favor of pIPhe is quite good for the very low AOT concentrations, but surprisingly the transport of Trp is not outmatching that of pIPhe when the AOT concentration becomes larger. So the values of R pIPhe /R Trp in competition experiments cannot be simply predicted from the transfer rates determined independently. There may be some interactions between the amino acids, perturbing the individual transport mechanisms. The selectivity loss at high AOT concentrations may also be partly explained by the high water content of the microemulsion: the microscopic partitioning of the amino acids between the amphiphile layer and the water pool becomes less and less discriminating when the size of the water pool increases.
Possible transport mechanisms
The information gained from all the preceding results demonstrates that the transport mechanisms for Trp and pIPhe are very different and that they are not in simple relation with their partition coefficients between the aqueous and reverse micellar phases. Assuming that the uptake mechanism is not discriminating, as shown in Fig. 5 , we must explain why the release step is so different for the two amino acids. A larger release rate should normally be correlated with a weaker association with the AOT molecules. If only reversed micelles are concerned we cannot see any reason for this preferential association to switch from one amino acid to the other when a certain concentration of AOT is passed. One way to explain this would be to assume that, in addition to the reverse micelles, single AOT molecules can also act as mobile carriers. The amino acids would be released either by "micelle opening" or by "ion pair dissociation" (see scheme below). The diffusion coefficients of the two carrying entities being very different, one would expect in that case that the overall flux change drastically depending on the 114 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 part contributed by the two mechanisms. The association of amino acids with a single AOT molecule can be favored by ion-pairing between the amino acids and the sulfonate groups of the surfactant molecules, and also possibly by specific hydrophobic interactions. A strong contribution of the ion-pairing mechanism for the transport of pIPhe (the more hydrophobic of the two amino acids) at AOT concentration below 0.1 mol dm -3 could explain the larger transfer rates compared to Trp. This contribution would become less and less significant as the solution becomes more crowded with reverse micelles.
In conclusion, we have examined in this work the potentialities of reverse micellar carriers to achieve the separation of amino acids having different hydrophobicities. The results obtained with the aid of two different experimental devices have shown that there is no simple relation between the partition coefficients of the amino acids (between the aqueous and w/o microemulsion phases) and their transport properties. Indeed the transport selectivity was shown to depend strongly on the AOT concentration and to be mostly governed by the rate of release of the amino acids rather than by their rate of uptake. The effect of a semi-permeable membrane placed at the liquid-liquid interfaces was shown not to affect drastically the transport mechanisms. A possible interpretation of the results has been proposed, which assumes that two different release mechanisms can operate simultaneously: the opening of the reverse micelle at the interface through its coalescence with the amphiphilic monolayer or the dissociation of an ion-pair formed between a single AOT molecule and an amino acid.
